The rapid improvement in the clinical mani festations of thiamine deficiency with thiamine supple mentation is well known. To study this process in more detail, we rendered rats thiamine deficient either by di etary deprivation alone (DD) or, in addition, by daily pyr it hi amine administration (DD + PT). We observed the cerebral metabolic and histological responses of these rats after 1 or 7 days of thiamine supplementation both prior to and at the onset of clinical sequelae. The cerebral metabolic response to thiamine deficiency and replenish ment was determined with the [14C]deoxygJucose tech-
The sequence of metabolic, clinical, and histo logical events in experimental thiamine deficiency has already been determined (Hakim and Pappius, 1983 ) . In essence, LCGU gradually decreases in most structures with thiamine deprivation (Hakim and Pappius, 1981) . This process continues until a low level of glucose utilization is reached at a time dependent on the model investigated; at 11 days in the diet-deprived and pyrithiamine-injected animals (DD + PT), and at 6 weeks in those deprived only of thiamine in their diet (DD). At these times, a paradoxical and selective rise in local cerebral glu cose utilization (LCGU) is noted in a few struc tures, with a peak at approximately day 14 in the DD + PT group and at 8 weeks in the DD animals. This rise in LCGU predominantly affects structures that will develop, a day or two later in the DD + PT animals and a week or two later in the DD an imals, into autoradiographically evident areas of de-nique for measurement of local cerebral glucose utiliza tion (LCGU). Our results indicate that thiamine replen ishment reverses the LCGU changes resulting from thiamine deprivation of short duration. However, pro longed thiamine deprivation may result in LCGU changes that are not completely reversible by thiamine replenish ment, before the appearance of the clinical or histological consequences of thiamine deficiency. Key Words: Cere bral metabolism-Local cerebral glucose utilization Thiamine deficiency-Thiamine supplementation.
creased glucose utilization. Clinical illness coin cides with these auto radiographic changes and is followed by histological lesions limited in their dis tribution to those structures showing the variations in LCGU described above (Hakim and Pappius, 1983 ) .
The clinical disorder caused by thiamine defi ciency is reported in many human cases to be re versible by the administration of thiamine (Cole et aI. , 1969; Bonjour, 1980) . Closer assessment reveals that ophthalmoplegia recovers within hours, nys tagmus and ataxia diminish more slowly and may persist in over half the cases, and amnesic psy chosis may persist to some degree in over 80% of the cases (Victor et aI. , 1971) . We report here the local cerebral metabolic and histological responses after 1 day and 7 days of thiamine supplementation at several stages of thiamine deficiency in the rat.
MATERIALS AND METHODS

General procedure
The response to thiamine supplementation was inves tigated in two groups of adult male Sprague-Dawley rats.
Group DD + PT. Rats (225 g) were maintained ad libitum on a diet deficient in thiamine (Ralston Purina Inc., Richmond, VA, U.S.A.) and injected i.p. daily for 5 days each week with pyrithiamine (50 f.Lg/IOO g body weight; Sigma Chemical Company, St. Louis, MO, U.S.A.). Starting 1 day following the appearance of the opisthotonic stage of thiamine deficiency (see below), 5.0 mg of thiamine hydrochloride in 0.5 ml aqueous solution (Winthrop Laboratories, Aurora, Ontario, Canada) was given i.p. on a daily basis. LCGU and histological studies were performed on normal animals maintained on regular laboratory diet ad libitum, on animals showing the clinical disorder, and on animals replenished with thiamine as above for 1 or 7 days. These studies were performed 1 day following the last thiamine injection. Physiological variables, such as arterial gases, blood pressure, temper ature, and blood glucose concentrations were determined in each animal at the time of LCGU experiments. Hy pothermia, if present, was corrected to between 35 and 36°C with a heating blanket. There were at least four an imals in each group.
Group DD. Rats (225 g) were maintained ad libitum on the same thiamine-deficient diet as above for 10 weeks. Except for weight loss, none of the animals in this group showed any clinical consequences of thiamine deficiency during this period. Separate groups of animals following 6 and 8 weeks of deprivation received daily doses of 340 f1g of thiamine hydrochloride (Sigma) in 0.5 ml of solution orally. This daily requirement was calculated from the daily intake of thiamine in adult rats. LCGU and histo logical studies were performed in groups of at least four animals: normal rats maintained as above on regular lab oratory diet ad libitum, rats at the end of 6 and 8 weeks of dietary deprivation of thiamine, and rats replenished as above with thiamine for 1 or 7 days following these periods of deprivation. Physiological variables were mon itored as above.
Determination of LCGU
Local cerebral glucose utilization was determined by the [14C]deoxyglucose method of Sokoloff et al. (1977) . Briefly, polyethylene catheters were placed in a femoral artery and vein of a rat lightly anesthetized with halo thane. The animal was then immobilized from the waist down by means of a loose-fitting plaster cast and was allowed to recover from anesthesia for at least 3 h. A pulse of �50 f.LCi of 2-deoxY-D-[1-14CJglucose (specific activity, 53-57 mCi/mmol; New England Nuclear Corp., Boston, MA, U.S.A.) was injected via the venous cath eter. Timed arterial sampling for assay of [14Cl deoxyglucose and glucose concentrations in plasma was started at the time of the isotope injection and con tinued for 45 min, at which point the animal was killed by decapitation. The brain was removed immediately, frozen in Freon 12, chilled to -55°C with liquid nitrogen, mounted, coated with embedding matrix, and stored at -70°C until sectioned. Brain sections, 20 f.Lm thick, were prepared in a cryostat (American Optical Company, Buf falo, NY, U.S.A.) at -22°C. Autoradiographs were pre pared from dried sections, and local tissue concentrations of 14C were determined from the optical densities of the specific anatomical structures and of r14Clmethyi meth acrylate standards (New England Nuclear) 
Histological studies
In the DD + PT group, histological examination of the brain was performed at the onset of clinical deficits, 1 day later, and following 1 and 7 days of thiamine replen ishment. Approximately 15 frozen sections were obtained on each animal whose LCGU was determined. These were stained with hematoxylin and eosin. In addition, two animals at the opisthotonic stage, 1 day later, and 1 day following a single and seven daily doses of thiamine, were decapitated, and the brain was removed and fixed in 2% glutaraldehyde in cocodylate buffer for 3 days. They were then stored in the same buffer until blocks were taken from the thalamus and superior collic ulus. Blocks were fixed in Palade's osmium tetroxide and embedded in epoxy resin. Semithin sections stained with paraphenylene diamine were then viewed through phase optics.
In the DD animals, 15 representative frozen sections from each animal were stained with hematoxylin and eosin as above.
Statistical methods
Student's t test was the statistical method used for anal ysis of the data.
RESULTS
Reversibility in the DD + PT group
Physiological variables. The physiological char acteristics of the nondeficient rats at the start of experiments for determination of LCGU were as follows (mean ± SEM): blood glucose, 8.3 9 ± 0. 33 /-Lmol/g; temperature, 36.0 ± 0.2°C; systolic blood pressure, 125 ± 3 mm Hg; pH, 7.42 ± 0.01; Peo2 and Po2, 33 ± 2 and 81 ± 2 mm Hg, respectively. None of the physiological variables in any of the other groups were significantly different from these.
Clinical observations. Rats in the DD + PT group continued to gain weight for approximately 10 days, which was followed by gradual weight loss. The majority of animals showed the clinical se quelae of thiamine deficiency between days 15 and 20, usually on day 18. The average weight of the animals on day 18 was 10% below the starting weights. The illness consisted in the development of severe weakness, loss of righting reflexes, opis thotonus, dystonic posturing, nystagmus, and, in a few cases, generalized seizures. This is referred to as the opisthotonus stage.
These signs usually disappeared following admin-istration of a single dose of thiamine. The longer the stage of opisthotonus was allowed to persist be yond 24 h, the slower was the recovery in response to thiamine administration. Autoradiographic appearance. Figure 1 reveals the cerebral autoradiographic changes noted in the DD + PT rats. At the time of illness, well-demar cated areas of depressed glucose utilization were evident in all animals in the opisthotonus stage in the following distribution: inferior colliculus, mam millary body, medial geniculate, and (not shown) thalamic nuclei. One dose of thiamine as above re sulted a day later in the appearance of a central zone of increased metabolic activity within each of these affected structures. After 7 days of thiamine replenishment, these zones still persisted in some structures (e. g. , mammillary body), whereas in others (e. g. , inferior colliculus) a more diffuse in homogeneous return of glucose utilization was ob served, albeit less intensely than in the normal an imals.
LCGU. Ta ble 1 and Fig. 2 reveal LCGU in normal animals at the stage of clinical manifestations (opis thotonus), and after 1 and 7 days of thiamine replenishment following the opisthotonic stage. Ar bitrarily, the densitometric readings were made from the darkest area within each structure. Thus, data reported in Ta ble 1 and Fig. 2 were the highest LCGU readings obtainable within any structure. Despite this, some structures on the autoradio graphs at the stage of opisthotonus (indicated in a footnote to Ta ble 1) showed such severe depression in glucose utilization as to render reliable quanti tation impossible. Ta ble 1 and Fig. 2 show that LCGU as a rule was significantly lower (p < 0. 05) at the stage of opisthotonus compared to normals in all cortical and subcortical structures, most tha lamic nuclei, the superior and inferior colliculi, and the vestibular nucleus. Replenishment of thiamine for 1 day returned LCGU to control levels in 11 structures, but LCGU in the vestibular nucleus, su perior colliculus, medial and lateral geniculate, the amygdala, three thalamic nuclei, the globus pal lidus, the substantia nigra, and the visual, auditory, and frontal cortices remained significantly reduced when compared to normals (p < 0. 05). An addi tional 6 days of thiamine replenishment did not alter these results substantially. The cerebellar nuclei second column: rat maintained on thiamine-deficient diet and given pyrithiamine (autoradiograph obtained at stage of opis thotonus); third column: rat given thiamine, 5.0 mg for 1 day, starting at opisthotonus stage (autoradiograph obtained following day); fourth column: rat given thiamine, 5.0 mg daily for 7 days, starting at opisthotonus stage (autoradiograph obtained 1 day following last injection). M.G., medial geniculate; M.B., mammillary body; I.C., inferior colliculus. Values are LCGU in f1mollIOO glmin, mean ± SEM. Structures shown in Fig. 2 are excluded from this table.
were exceptional, showing increased LCGU in the stage of opisthotonus gradually declining to control levels with thiamine replenishment. Histological appearance. No definite abnor mality could be seen on frozen sections obtained from animals on the day when opisthotonus ap peared. Frozen sections obtained 1 day after opis thotonus showed focal lesions characterized by pallor of the neuropil. Figure 3 (left) , obtained from the medial thalamus I day after opisthotonus, re veals in addition some neuronal shrinking. Figure 3 (right), in contrast, shows the normal appearance of adjacent lateral thalamus from the same animal.
The most severe lesions were in the inferior col liculus, the medial geniculate body, and the thalami, and, in accordance with the autoradiographs, these 
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L ____ _____ I.. structures were most severely affected in their cen tral portions. The mammillary bodies, vestibular nuclei, and lateral geniculate bodies showed only vascular engorgement and some diapedesis of red cells, which on these preparations in isolation must be considered of uncertain significance. Frozen sections obtained following 1 day or 7 days of thiamine replenishment revealed a persis tence of these abnormalities in the same distribu tion, but they were less striking. Semithin epoxy resin sections obtained 1 day after opisthotonus showed a gradation of lesions in the thalamus, with severe lesions showing intense vacuolation of the neuropil (Fig. 4, left) . Many of the larger vacuoles (50-100 !-Lm) appeared to represent axons, since they were surrounded by myelin sheaths. Smaller vacuoles (15-4 0 !-Lm) were more numerous and probably represented dendrites. Swelling, speci fically of astrocytic cytoplasm, could occasionally be identified as a halo around astrocytic nuclei, which were themselves slightly enlarged and rounded, showing marked margination of chromatin. Neu- 1983 rons in areas of marked vacuolation tended to show an increase in cytoplasmic density, and were often adjacent to enlarged watery processes. The ma jority of small vessels did not show a space around them. Diapedesis of red cells was seen in and close to areas of severe vacuolation, but no necrosis of vessels could be identified.
After 1 and 7 days of thiamine replacement, le sions became progressively less extensive (Fig. 4,  right) . Vacuolation was confined to focal areas in the thalamus and appeared to be specifically related to enlargement of astrocytic processes. Red cell diapedesis was rare. Perivascular cells containing dense material were seen around large vessels. In many areas there were scattered, rounded dense structures consistent with axonal debris. Neuronal necrosis could not be identified. Astrocytic nuclei appeared enlarged and darker than in the acute le sions. Their numbers were clearly increased fol lowing 7 days of thiamine replenishment.
Reversibility in the DD group
The physiological characteristics in this group of animals were within the range reported above for control animals. Except for weight loss, none of the animals showed any neurological deficits after 8 weeks of dietary deprivation. Histological exami nation of all brains in this group revealed no ab normalities.
LCGU. Ta ble 2 and Figs. 5 and 6 show LCGU following two periods of thiamine deprivation (6 and 8 weeks) and subsequent replenishment for 7 days. Six weeks of thiamine deprivation caused a significant reduction in glucose utilization (p < 0.05) in all structures when compared to controls. Two additional weeks of thiamine deprivation caused a paradoxical increase in LCGU, which was noted in all structures, but was statistically signifi cant notably in several thalamic nuclei, the superior colliculus, and auditory pathway structures.
Following 6 weeks of deprivation, replenishment of thiamine for 1 day resulted in a diffuse rise in LCGU, which continued, so that after 7 days of replenishment only nine structures remained signif icantly lower than normal in their metabolic activity (p < 0.05). In contrast, 1 day of thiamine replenish ment following 8 weeks of thiamine deficiency sig nificantly lowered LCGU in many structures, and although further replenishment for 7 days increased LCGU, it remained significantly lower than normal in more than half the structures.
DISCUSSION
The data presented here relate to the reversibility of the histological and metabolic consequences of 
FIG. 4.
Left: Semithin epoxy resin section taken from the medial thalamus of an experimental animal 1 day after the onset of opisthotonus. Note the numerous rounded swollen profiles in the neuropil. There is very little swelling of astrocytic end-feet around the vessels (arrows). The arrowhead points to an astrocytic nucleus, which is watery with an accentuation of density around the nuclear membrane. The double arrows point to vacuoles. These are surrounded by myelin sheaths, which indicates Ihey are axons (paraphenylene-diamine, phase optics; x 550). Right: Semithin epoxy resin section from the medial thalamus of an animal given thiamine supplementation for 7 days, starting at the stage of opisthotonus. Swollen astrocytic end-feet are now prominent around vessels (arrows). Astrocytic nuclei are larger and denser (double arrows) and are surrounded by irreg ularly shaped watery cytoplasm of the astrocytes. At this stage many of the watery spaces appear to represent astrocytic cytoplasm. The arrowhead marks a dense degenerating process, presumably neuritic (paraphenylene-diamine, phase optics; x550). Lateral lemniscus 122 ± 8 72 ± 9 90 ± 4 100 ± 8 78 ± 5b 62 ± 3" 81 ± 9d
Trigeminal nucleus 59 ± 5 39 ± 5 50 ± 4 57 ± 3 64 ± 16 40 ± 3 49 ± 4
Basis pont is
Cochlear nucleus 164 ± 20 87 ± 8 118 ± 9" 122 ± 2 132 ± 12 91 ± 4" 116 ± \3
a LCGU significantly higher than at 6 weeks of dietary deprivation (p < 0.05). b LCGU significantly lower than controls following replenishment for 7 days after 6 weeks of deprivation (p < 0.05). C LCGU significantly lower at 1 day of replenishment following 8 weeks of deprivation compared to 8 weeks of deprivation (p < 0. 05).
d LCGU significantly lower than controls following replenishment for 7 days after 8 weeks of deprivation (p < 0.05).
Values are LCGU in f.Lmol/lOO glmin, mean ± SEM. Structures shown in Figs. 5 and 6 are excluded from this table.
thiamine deficiency. We have used two different models of thiamine deficiency because of the diffi culty in producing histological lesions in brains of adult rats through dietary deprivation of thiamine alone. Animals of the starting weight used in our experiments require up to 13 weeks of deprivation to develop such lesions, during which they become severely emaciated (Sharp et aI., 198 2) . On the other hand, the simultaneous administration of pyr- No, 4, 1983 ithiamine shortens this interval to less than 3 weeks and results in neuropathological lesions comparable to those noted in human Wernicke-Korsakoff syn drome (Troncoso et al., 1981) . Data we obtained previously show that in both models a predictable sequence of events occurs in prolonged thiamine deficiency; following an initial gradual decline in LeaU, a paradoxical and selective rise in glucose utilization is noted in a few structures. This rise is then followed in these structures by a rapid decline in LeaU, followed by the appearance of clinical illness, and finally histological abnormalities (Hakim and Pappius, 1983) . The two models result in histological lesions that are similar in nature and distribution (Dreyfus and Victor, 1961; Troncoso et ai., 1981) . We have therefore used the two models here in a complementary sequence; metabolic data are obtained from the DD animals only prior to the development of clinical illness and from DD + PT animals only after the appearance of clinical se quelae. We elected to institute higher dosages of thiamine replenishment in the DD + PT group to study the reversibility of the histologically evident lesions which were produced only in this model. This study reports LeaU in normal animals, an imals deprived of thiamine in their diet for 6 and 8 weeks, and others similarly deprived and given pyr ithiamine until they reached the stage of opistho- L tonus. The effect of 1 and 7 days of thiamine re plenishment on the LeaU in these groups was then determined. Our data reveal that LeaU remained suppressed in many structures, even following 7 days of daily replenishment with thiamine, when the preceding deprivation of thiamine was pro longed. The period of deprivation need not result in clinical sequelae for this to be true, as evidenced by the animals in the DD group replenished after 6 and 8 weeks of deprivation. The recovery to control levels of LeaU was more complete when the re plenishment was started after only 6 rather than 8 weeks of deprivation. It was during this 2-week in terval that a paradoxical and selective rise in LeaU was noted when thiamine deprivation was main tained. We have interpreted the increased LeaU between the 6th and 8th weeks of deprivation to imply increased glycolytic activity, with focal lac tate accumulation (Hakim and Pappius, 1983) . Such accumulation has been shown to occur focally in the brainstem in thiamine deficiency (McCandless and Schenker, 1968 ; McCandless, 1982) and is pre sumed to occur because pyruvate dehydrogenase i� blocked during thiamine deficiency (Holowach et ai., 1968 ; Pincus and Wells, 1972) . We have ad vanced the hypothesis (Hakim and Pappius, 1983) that persistence of this process may damage the metabolic machinery in the region of lactate accu mulation. Thus, replenishment of thiamine at the 8th week of deprivation may result in a two-step process: an initial arrest of increased glycolytic ac tivity, resulting in a drop in LCGU, then gradual improvement in LCGU occurring over the ensuing week of replenishment. If thiamine is not replen ished and lactate accumulation is allowed to persist, autoradiographic evidence of severely depressed glucose utilization appears ( Fig. 1) , followed by clinical sequelae (the stage of opisthotonus) and neuropathological lesions.
There are a number of reports on the histopath ology of experimental Wernicke's encephalopathy using resin sections for light and electron micros copy. Ule and Kolkmann (1968) described ubiqui tous swelling of processes in the neuropil in early lesions of thiamine-deficient rats and pigeons. Many were identified as postsynaptic dendrites, and others were felt to be astrocytic because they contained glycogen particles; relatively little in volvement of astrocytic end-feet was seen. Te llez and Te rry (1968) felt that the earliest significant finding in the vestibular nucleus of thiamine-defi cient rats was a swelling of presynaptic endings, which was confirmed by Pena and Felter (1973 ) , who also found these endings to have increased electron density. After the onset of symptoms in thiamine-deficient rats, Robertson et al. (1968 ) found vacuolated neuropil, especially in the vicinity of small vessels, and decided from electron micros copy that there was early swelling of perivascular glial processes, which later became more extensive. In thiamine-deficient rhesus monkeys, some re gions showed cavitated necrosis, whereas in others an intense vacuolation of the neuropil appeared by electron microscopy to result from fluid between lamellae of myelin (Blank et al., 1975) . Our histo logical findings are much like those of Ule and Kolkmann (1968) , in that the lesions in the acute symptomatic stage were characterized by a watery swelling of numerous processes, whereas the swelling after thiamine supplementation was vir tually confined to the astrocytic processes. Only at this stage did the perivascular astrocytic end-feet become prominent.
Recently, Witt and Goldman-Rakic (1983) studied the nature and distribution of neuropathological le-J Ce/'eb Blood Flow Me/abol, Vol. 3, No.4, 1983 sions in monkeys subjected to one or more bouts of thiamine deficiency. Although they did not study animals at the stage of recovery, they showed evi dence for intense astrocytosis in the central por tions of affected structures from animals following their second bout of thiamine deficiency. Data pre sented here, showing the increased metabolic ac tivity in the autoradiographs in response to thiamine replenishment (Fig. 1) , suggest that the astrocytosis seen by may have been a response to replenishment rather than to the deficiency itself.
We conclude from this work that although re plenishment with thiamine at the opisthotonus stage reverses the clinical sequelae, the autoradiographs, the histological appearance, and the LCGU may not return to normal, even with prolonged replenish ment. The data from the DD group indicate that such prolonged replenishment reverses the meta bolic effects of thiamine deficiency more com pletely only if instituted prior to the paradoxical rise in LCGU, implying that, even prior to clinical ill ness, the response of the thiamine-deficient brain to thiamine supplementation depends on the cere bral metabolic state prevailing at the time. This would appear to apply to the rat, particularly in cortical and auditory pathway structures. Since it is accepted that measurements of LCGU reflect local functional activity, this work implies that the function of certain cerebral structures is affected before the appearance of the clinical consequences of thiamine deficiency.
